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Abstract:  The  Department  of  Defense  has  many  systems 
that  can  benefit  from  the  features  of  a  cm-scale  micro¬ 
refrigerator.  We  are  developing  for  DARPA  a  cm-scale 
Micro-Stirling  Active  Cooling  Module  (MS/ACM)  micro¬ 
refrigerator  to  benefit  the  DoD  systems.  Under  a  DARPA 
contract,  we  are  designing,  building,  and  demonstrating  a 
breadboard  MS/ ACM. 
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Introduction 

The  Department  of  Defense  has  many  systems  that  can 
benefit  from  the  features  of  a  cm-scale  micro-refrigerator. 
We  are  developing  for  DARPA  a  cm-scale  Micro- Stirling 
Active  Cooling  Module  (MS/ACM)  micro-refrigerator  to 
benefit  the  DoD  systems.  Our  MS/ACM  uses  miniaturized 
versions  of  components  we  have  already  developed  for 
space-based  cryocoolers  for  the  MDA,  AFRL,  and  NASA. 
Stirling  coolers  are  highly  efficient  and  compact.  For 
example,  the  high  efficiency  and  compactness  (and 
lightweight)  of  Stirling  coolers  have  made  Stirling  coolers 
the  dominant  type  of  cooler  for  cooling  space-based 
electronics.  In  theory,  the  Stirling  refrigeration  cycle  can 
achieve  the  Carnot  COP  (the  maximum  possible  COP)  of 
1 1.5  for  a  cooling-load  temperature  of  15  C  and  a  heat-sink 
temperature  of  40  C.  Practical  considerations  limit  actual 
COPs  to  smaller  values,  but  a  COP  better  than  3  seems 
achievable.  Under  a  DARPA  contract,  we  are  designing, 
building,  and  demonstrating  a  breadboard  MS/ACM. 

In  the  following,  we  first  show  how  our  Micro- Stirling 
Active  Cooling  Module  (MS/ACM)  will  potentially  benefit 
electronics  cooling.  Then  we  describe  how  an  ideal  Stirling 
cooler  works.  Then  we  describe  technical  challenges  to 
implementing  a  practical  Stirling  cooler  and  our  approach 
to  overcoming  the  technical  challenges.  Finally  we 
describe  the  wide  range  of  applications  for  Stirling-cycle 
coolers,  cryocoolers,  and  generators. 

How  Our  MS/ACM  will  Benefit  Electronics  Cooling: 
Figure  1  shows  micro-electronics  that  are  cooled  by  some 
advanced  passive  components  that  are  being  developed  by 
DARPA  contractors.  High-performance  electronics 
produce  large  flows  of  heat  (with  units  of  W).  Also,  for 
high  electronics  performance,  the  temperature  difference 
(K)  between  junctions  and  the  ambient  environment  must 
be  small  to  maintain  junction  temperatures  below  certain 
limits.  Therefore,  the  overall  thermal  resistance  (K/W)  of 
the  cooling  system  must  be  minimized  to  remove  a  large 
heat  flow  (W)  with  a  small  temperature  drop  (K)  across  the 


cooling  system.  The  thermal  resistances  of  the  passive 
components  sum  to  the  overall  thermal  resistance,  so  the 
thermal  resistance  of  each  passive  component  must  be 
minimized  to  achieve  a  small  overall  thermal  resistance. 
Even  with  advanced  components  being  developed  by 
DARPA  contractors,  the  overall  thermal  resistances  of 
cooling  systems  are  too  large  to  accommodate  many 
advanced  electronics  that  could  benefit  the  DoD. 


Temperature 


Figure  1.  Electronics  Cooled  by  Only  Passive  Components 


Temperature 


Figure  2.  Electronics  Cooled  with  Our  MS/ACM 


Figure  2  shows  how  our  Micro- Stirling  Active  Cooling 
Module  (MS/ACM)  has  the  potential  to  benefit  electronics 
cooling.  Our  MS/ACM  provides  a  negative  thermal 
resistance  that  subtracts  from  the  overall  thermal  resistance 
of  the  cooling  system.  Therefore,  our  MS/ ACM  enables 
lower  junction  temperatures  and/or  higher  heat  flows  to 
accommodate  advanced  electronics. 

Our  MS/ACM  uses  an  electrical  power  input  (W)  to  absorb 
heat  (W)  at  a  cool  temperature  (15  C,  for  example). 
According  to  the  First  Law  of  Thermodynamics,  our 
MS/ACM  rejects  the  sum  of  the  electrical  power  input  and 
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the  absorbed  heat  to  the  downstream  components  of  the 
cooling  system.  The  figure  of  merit  for  our  MS/ACM  (and 
all  other  refrigeration  systems)  is  the  Coefficient  Of 
Performance  (COP),  which  is  defined  as  the  absorbed  heat 
divided  by  the  power  input.  The  amount  of  heat  rejected 
by  our  MS/ACM  must  be  minimized,  so  downstream 
components  of  the  cooling  system  do  not  become  too  hot. 
Therefore,  our  MS/ACM  must  have  a  compact  size  (2  cm  x 
2  cm  x  0.5  cm)  so  it  can  fit  within  tight  size  constraints  for 
electronics  cooling  systems,  and  our  MS/ACM  must  have  a 
high  COP. 

How  an  Ideal  Stirling  Cooler  Works:  Figure  3  shows  how 
shows  how  an  ideal  Stirling  cooler  works.  The  ideal 
Stirling  cooler  consists  of  a  cylinder  in  which  a  regenerator 
and  a  piston  move  up  and  down  and  perform 
thermodynamic  processes  on  a  gas  that  is  contained  in  the 
cylinder.  The  regenerator  is  porous  along  the  axis  of  the 
cylinder.  The  top  of  the  regenerator  is  cool  and  the  bottom 
of  the  regenerator  is  warm.  When  the  regenerator  moves 
downward  through  a  warm  gas,  the  gas  flows  upward 
through  the  regenerator  core,  the  regenerator  absorbs  heat 
from  the  gas,  and  cool  gas  exits  out  the  top  of  the 
regenerator.  When  the  regenerator  moves  upward  through 
a  cool  gas,  the  gas  flows  downward  through  the  regenerator 
core,  the  regenerator  releases  heat  to  the  gas,  and  warm  gas 
exits  out  the  bottom  of  the  regenerator. 


Figure  3.  Steps  in  an  Ideal  Stirling  Refrigeration  Cycle 

The  ideal  Stirling  cooler  uses  a  thermodynamic  cycle  that 
consists  of  four  steps: 

Step  1:  Isothermal  Compression.  The  piston  starts  at  the 
bottom  of  its  stroke  and  moves  upward  to  compress  the  gas 
in  the  cylinder.  During  the  compression  process,  the  gas  is 
continuously  cooled  and  maintained  at  a  constant 
temperature  (isothermal)  as  the  cycle  rejects  heat. 

Step  2:  Isochoric  (Constant  Volume)  Heat  Removal.  The 
regenerator  starts  at  the  top  of  its  stroke  and  moves 
downward  through  the  gas  to  cool  the  gas.  While  the  gas  is 


cooled,  there  is  no  change  to  the  total  volume  of  the  gas  in 
the  cylinder. 

Step  3:  Isothermal  Expansion.  The  piston  and  the 
regenerator  move  downward  to  expand  the  gas  in  the 
cylinder.  During  the  expansion  process,  the  gas  is 
continuously  heated  and  maintained  at  a  constant 
temperature  (isothermal)  as  the  cycle  absorbs  heat. 

Step  4:  Isochoric  (Constant  Volume)  Heat  Addition.  The 
regenerator  moves  upward  through  the  gas  to  heat  the  gas, 
and  the  regenerator  returns  to  the  top  of  its  stroke.  While 
the  gas  is  heated,  there  is  no  change  to  the  total  volume  of 
the  gas  in  the  cylinder. 

After  Step  4,  the  piston  and  the  regenerator  are  at  their 
original  positions  at  the  beginning  of  Step  1 ,  so  the  above 
cycle  can  be  repeated. 

A  Stirling  cooler  can  operate  as  a  Stirling  generator  if  the 
heat-input  temperature  is  hotter  than  the  heat-sink 
temperature.  A  Stirling  generator  absorbs  heat  at  the  heat- 
input  temperature,  generates  electrical  power,  and  rejects 
the  remaining  heat  at  the  heat-sink  temperature. 

Thermodynamic  modeling  of  the  ideal  Stirling  refrigeration 
cycle  indicates  the  ideal  Stirling  refrigeration  cycle 
achieves  the  Camot  COP,  which  is  the  theoretical 
maximum  possible  achievable  COP.  However,  practical 
technical  challenges  limit  the  COP  that  is  practically 
achievable  from  a  Stirling  cooler. 


Challenges  to  Implementing  a  Practical  Stirling  Cooler:  The 
main  technical  challenges  to  implementing  practical  Stirling- 
cycle  coolers  and  generators  depend  on  the  temperatures  at 
which  heat  is  input  and  rejected  from  the  cycle.  For  large 
temperature  differences  that  are  typical  for  cryogenic  cooling 
and  power  generation  using  a  high-temperature  heat  source, 
the  main  challenges  are  associated  with  design  of  a 
regenerator  that  can  absorb  and  release  large  amounts  of  heat 
with  only  small  flow  pressure  drops  across  the  core.  On  the 
other  hand,  for  small  temperature  differences  across  Stirling- 
cycle  coolers  or  generators  (for  example,  the  small 
temperature  differences  experienced  by  our  MS/ACM),  the 
main  challenges  are  associated  with  minimizing  temperature 
drops  during  the  compression  and  expansion  processes  and 
achieving  near-isothermal  processes  at  the  heat-rejection 
temperature  (during  the  compression  process)  and  the  heat- 
input  temperature  (during  the  expansion  process). 


In  the  following,  we  consider  a  simple  example  that 
illustrates  the  main  technical  challenges  to  implementing  a 
practical  Stirling  cooler  with  a  small  difference  between  the 
heat-input  temperature  and  the  heat-rejection  temperature. 
First  consider  an  ideal  Stirling  cooler  with  a  15  C  (288.15 
K)  heat-input  temperature  and  a  40  C  (313.15  K)  heat- 
rejection  temperature.  The  COP  of  the  ideal  Stirling  cooler 
is  equal  to  the  Camot  COP: 


COPc  = 


Ti 

Tk-Ti 


288.15 

313.15-288.15 


=  1 1.5 


(i) 
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where, 


Table  1.  Performance  Projections  for  Our  MS/ACM 


COPc  -  Carnot  COP, 

Ti  =  Heat-input  temperature,  K;  and 

Tk  =  Heat-rejection  temperature,  K. 

Let  us  assume  that  the  only  losses  in  the  actual  Stirling 
cooler  are  due  to  an  R  =  0.1  K/W  thermal  resistance  to  heat 
flow  from  the  heat  source  to  the  gas  and  from  the  gas  to  the 
heat  sink.  The  thermal  resistance  from  the  gas  to  the  heat 
sink  causes  the  isothermal  compression  process  to  occur  at 
an  elevated  temperature  of  51.68  C  (324.83  K).  The 
thermal  resistance  from  the  heat  source  to  the  gas  causes 
the  isothermal  expansion  process  to  occur  at  a  reduced 
temperature  of  5.00  C  (278.15  K).  Therefore,  the  actual 
Stirling  cooler  can  achieve  only  the  following  COP: 


COPc  = 


Ti' 


Tk'-Ti1 


278'15  =  6.0 

324.83-278.15 


(2) 


where, 

COP  =  Actual  COP,  -; 

Ti’  =  Temperature  of  isothermal  expansion,  K; 
and 


Tk’  =  Temperature  of  isothermal  compression,  K. 

How  Our  MS/ ACM  Overcomes  Challenges:  Figure  4 
shows  how  our  MS/ACM  overcomes  the  main  technical 
challenge  to  achieving  a  high  COP:  minimizing  the  thermal 
resistances  between  the  heat  source  and  the  gas  and  the  heat 
sink  and  the  gas.  Our  MS/ACM  uses  miniature  teeth  to 
minimize  thermal  resistances.  As  the  gas  is  compressed 
and  expanded,  the  gas  flows  between  concentric  teeth  that 
are  machined  into:  the  input  plate  of  the  Stirling  cooler  and 
the  head  of  the  regenerator  assembly  (at  the  heat-input 
end);  and  the  sink  plate  and  the  piston  head  (at  the  heat- 
rejection  end).  As  the  gas  flows  between  the  teeth,  the  gas 
is  brought  into  intimate  thermal  contact  with  the  input  plate 
and  the  sink  plate,  which  leads  to  small  thermal  resistances. 


Figure  4.  Our  MS/ACM  Uses  Miniature  Teeth  to  Minimize 
Thermal  Resistances 


Metrics: 

Values: 

Heat-Input  Temperature. 

15  C 

Heat-Sink  Temperature. 

40  C 

Cooling  Load  (Qc). 

100  Wth 

Electrical  Power  Input  (We). 

29  We 

Coefficient  Of  Performance  (COP=Qc/We). 

3.4 

Carnot  COP  (COPc). 

11.5 

Efficiency  (COP/COPc). 

30% 

Table  1  lists  our  projections  for  the  performance  of  our 
MS/ACM.  We  project  our  MS/ACM  will  achieve  a  COP 
of  3.4,  which  represents  30%  of  the  Carnot  COP. 

Applications:  Figure  5  indicates  the  wide  range  of 
applications  can  benefit  from  our  Stirling-cycle  cooler, 
cryocooler,  and  generator  technologies.  On  the  y-axis, 
heat- input  temperatures  range  from  10  K  or  colder  (for 
cryocoolers)  up  to  1,000  K  or  hotter  (for  generators).  On 
the  x-axis,  heat  inputs  range  from  100  mW  or  less  (for 
cryocoolers)  up  to  1  MW  or  more  (for  generators).  For 
power  levels  greater  than  roughly  1  MW,  turbo-machines 
begin  to  have  comparable  efficiencies  but  higher  power 
densities  than  reciprocating  machines. 

This  material  is  based  upon  work  supported  by  the 
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Figure  5.  Our  Stirling-Cycle  Cooler,  Cryocooler,  and 
Generator  Technologies  Can  Benefit  a  Wide  Range  of 
Applications 


295 


